Abstract-The long-term goal of this study is to assess chemotherapy-induced cardiotoxicity for pediatric cancer patients using cardiac ultrasound shear wave (SW) elastography. This pilot study aimed to systematically investigate the feasibility of using cardiac SW elastography in children and provide myocardial stiffness control data for cancer patients. Twenty healthy volunteers (ages 5-18) were recruited. A novel cardiac SW elastography sequence with pulse-inversion harmonic imaging and time-aligned sequential tracking was developed for this study. Cardiac SW elastography produces and detects transient SWs propagating in the myocardium in late-diastole, which can be used to quantify myocardial stiffness. The parasternal long-axis (L-A) and short-axis (S-A) views of the interventricular septum (IVS) were feasible for pediatric cardiac SW elastography. The L-A and S-A views of the basal and mid IVS provided better success rates than those of the apical IVS. Success rates decreased with increased body mass index (BMI), but did not differ with age or gender. Two-dimensional SW speed measurements were 1.26, 1.22, 1.71 and 1.67 m/s for L-A base, L-A mid, S-A base and S-A mid IVS, respectively. All S-A SW speed values were significantly higher (p , 0.01) than L-Avalues due to myocardial anisotropy. No SW speed difference was observed for different ages and genders. This pilot study demonstrated, for the first time, the feasibility of using cardiac SW elastography to measure quantitative myocardial stiffness in children, and established control SW speed values for using SW elastography to assess chemo-induced cardiotoxicity for pediatric cancer patients. The results showed that the myocardial anisotropy needs to be accounted for when comparing SW speed from different imaging axes.
INTRODUCTION
Chemotherapy-induced cardiac toxicity is the leading non-malignant cause of death for childhood cancer survivors (Mertens et al. 2008; Mulrooney et al. 2009; Shankar et al. 2008) . Recent studies using strain imaging demonstrated decreased myocardial strain and torsion associated with cardiotoxicity (Jurcut et al. 2008; Migrino et al. 2008; Motoki et al. 2012; Sawaya et al. 2011) , which indicates that measures of myocardial biomechanics may provide sensitive diagnosis of cardiotoxicity.
Ultrasound shear wave (SW) elastography is an emerging technique that can noninvasively ''palpate'' tissue and provide direct and quantitative assessment of tissue stiffness (Bamber et al. 2013; Greenleaf et al. 2003; Sarvazyan et al. 2011; Shiina et al. 2015) . SW elastography uses acoustic radiation force (known as a ''push beam'') to generate a transient SW propagating inside the tissue, and uses the same transducer that generated the SW to detect the SW signal (Sarvazyan et al. 1998) . The SW propagation speed (c) is related to the shear modulus (representing tissue stiffness) of the tissue (m) by m 5 rc 2 (r is the density of tissue and can be assumed as 1000 kg/m 3 ). Derived from general SW elastography, cardiac SW elastography is capable of measuring absolute myocardial stiffness and has shown great potential for many clinical applications such as assessment of myocardial contractility , myocardial architecture imaging Lee et al. 2012) , focal infarction detection (Hollender et al. 2013; Pislaru et al. 2014) , quantification of coronary perfusion pressure effect on cardiac compliance (Vejdani-Jahromi et al. 2015) and quantitative evaluation of atrial radiofrequency ablation (Kwiecinski et al. 2014) . The long-term goal of this study is to assess chemotherapy-induced cardiotoxicity using cardiac SW elastography for children cancer patients.
Despite the clinical promises of cardiac SW elastography, however, the majority of cardiac SW elastography studies to date were conducted in open-chest animals Hollender et al. 2013; Kwiecinski et al. 2014; Lee et al. 2012; Pernot et al. 2011; Pislaru et al. 2014; Vejdani-Jahromi et al. 2015) . Translating cardiac SW elastography from the laboratory to the clinic has been hampered by the poor SW signal quality obtained transthoracically. The chest wall not only significantly attenuates the ultrasound push beam used for SW generation but also contaminates the ultrasound SW detection signal by introducing severe clutter noise. Recently, our group developed a novel cardiac SW detection method using pulse-inversion harmonic imaging (PIHI) and time-aligned sequential tracking (TAST) that can substantially improve the transthoracic SW signal quality (Song et al. 2013 (Song et al. , 2014b . We also reported the first transthoracic cardiac SW elastography results from in vivo adult humans (Song et al. 2013 (Song et al. , 2014b (Song et al. , 2016 . To alleviate the acoustic shadowing caused by the narrow intercostal spaces of young pediatric patients, we recently developed cardiac SW elastography on a pediatric cardiac transducer and demonstrated significant improvement of SW signal quality over an adult cardiac transducer (Song et al. 2015) . At present, because no pediatric cardiac SW elastography results have been reported, the clinical feasibility and performance of pediatric cardiac SW elastography remain unknown. The range of normal myocardial stiffness for children is yet to be established. This study, therefore, aimed to fill these gaps by evaluating cardiac SW elastography in a cohort of 20 healthy children, to systematically investigate the reliable echocardiographic views and heart wall segments for pediatric cardiac SW elastography, and establish a preliminary range of normal myocardial stiffness values that can be potentially used for cardiotoxicity assessment for cancer patients.
METHODS

Cardiac SW elastography sequences
The details of the cardiac SW elastography sequence have been previously described (Song et al. 2014b (Song et al. , 2015 (Song et al. , 2016 . Briefly, two cardiac SW elastography sequences, one based on an adult cardiac transducer (P4-2; Philips Healthcare, Andover, MA, USA) and the other based on a pediatric cardiac transducer (P7-4; Philips Healthcare), were developed and used in this study. The Verasonics Vantage ultrasound system (Verasonics Inc., Kirkland, WA, USA) was programmed to support real-time B-mode imaging for measurement guidance, and automatic configurations of optimal SW elastography push and detection beams based on the position of the selected myocardium. The focal point of the push beam was set at the mid-wall. The Verasonics system was gated by electrocardiogram (ECG) to generate and detect transient SWs in late diastole (approximately 21 ms data acquisition time), as shown in Figure 1 . An ECG trigger monitor (AccuSync 72; AccuSync Medical Research Corporation, Milford, CT, USA) was used to generate a trigger-in signal upon each peak R-wave to the Verasonics system. Upon execution of the SW sequence, the Verasonics system captures the first trigger-in signal and executes an SW sequence with a pre-defined delay to the peak R-wave, in order to image in late diastole. The delay can be freely adjusted based on the heart rate of the patient. Table 1 summarizes the SW imaging parameters for both transducers used in this study. Ultrasound safety parameters, including the mechanical index (MI) and the spatial peak time average intensity (I SPTA ), are also reported in Table 1 . The acoustic output of all the ultrasound pulses used in this study was below the regulatory limits set by the US Food and Drug Administration.
Post-processing of SW signal
The 2-D SW speed calculation method (Song et al. 2014a ) was used to reconstruct 2-D SW speed maps superimposed on the B-mode image (Fig. 1b) . SW speed was used throughout the paper as a quantitative measure of myocardial stiffness. Quality control metrics, including the cross-correlation coefficient of the SW speed calculation and SW motion amplitude, were applied to the algorithm to reject pixels with unreliable SW signals (Song et al. 2016) . Elliptical regions of interest (ROIs) were then manually selected based on the 2-D SW speed map to include as many color pixels as possible while avoiding the discontinuous pixel regions and the noisy regions with very large SW speed values (Song et al. 2016) . The median value of SW speed measurements within the ROI was recorded as the myocardial stiffness measurement.
Patients
Twenty healthy pediatric volunteers with no history of cardiovascular diseases were recruited in this study: eight males and 12 females; median age 11.5 (range 5-18 y); median body mass index (BMI) 17.6 (range 14-29.2). The institutional review board of Mayo Clinic approved this study, which was also compliant with the Health Insurance Portability and Accountability Act. Informed consent was obtained from each patient's parent or guardian. The inclusion criteria were: healthy patients less than 21-y-old. The exclusion criteria were: history of congenital heart disease, chronic systemic illness requiring ongoing medical treatment, trisomy 21 and anemia (hematocrit ,28%). The same cardiologist with 15 y of echocardiography scan experience (X.B.) conducted three scans for each patient on three different d. Standard clinical echocardiography exam settings and echocardiographic views were used in this study. For each patient, both the adult P4-2 and the pediatric P7-4 transducers were tested during the first visit to see which one produced better quality SW signals. The quality of the SW signal was empirically determined based on a SW propagation movie shown in Figure 1c , which was made available immediately after each execution of the SW sequence. Figure 2 shows the transducer selection for the patients with respect to age and BMI. Because of the SW elastography imaging range of the two transducers (20-90 mm for P4-2 and 10-50 mm for P7-4) and the requirement of a quasi-orthogonal relationship between the push beam and the myocardial wall for efficient SW generation, six combinations of echocardiographic views and left ventricular (LV) segments were found to be feasible to perform cardiac SW elastography: the basal interventricular septum (IVS) under parasternal long-axis (L-A) view, the mid IVS under parasternal L-A view, the apical IVS under parasternal L-A view, the basal IVS under parasternal short-axis (S-A) view, the mid IVS under parasternal S-A view, and the apical IVS under parasternal S-A view. Figure 3 shows example 2-D SW speed maps of each view. For each view on each d, three repeated data acquisitions were taken from three different cardiac cycles, which generated six SW speed measurements for each view on each d (two SW speed measurements from the two ROIs corresponding to the two SWs for each push beam).
Data processing
The inter-and intra-rater reliability of measurement ROI selection were first evaluated based on 100 2-D SW speed maps that were randomly selected from all the results (P.S. and X.B.). Pearson's correlation coefficient was used to estimate inter-and intra-rater reliability. To further scrutinize the SW speed measurements before data processing, the interquartile range (IQR)/median ratio was calculated for the six measurements at each view on each d for each patient: if the ratio was greater than 30% (i.e., poor repeatability), then all six measurements were counted as failed (Choi et al. 2014) . The success rate of SW speed measurements at each view for each patient was then calculated by aggregating the total number of remaining SW speed measurements and dividing it by the total number of possible SW speed measurements. To test day-to-day variance of myocardial SW speed measurements, single-factor analysis of variance (ANOVA) tests (significance level 5 0.01) was conducted for each view of each patient. If less than two visits produced successful SW speed measurements, then the ANOVA was not calculated. Finally, the myocardial SW speed measurements for all the patients were combined and categorized by different echocardiographic views to study the impact of myocardial anisotropy on SW speed when imaging the heart from different imaging axes and evaluate if myocardial stiffness varies with age or gender. Student's t-tests (significance level 5 0.01) were used for the statistical analyses. Figure 4 shows the inter-and intra-rater reliability results for the SW speed measurement, reflecting the result of different ROI selections. Pearson's correlation coefficient (r) was 0.86 and 0.89, for inter-rater reliability and intra-rater reliability, respectively. Figure 5a shows the boxplots of the individual success rates of myocardial SW speed measurements grouped by echocardiographic views. Overall, the basal and mid IVS under both L-A and S-A views had moderate to good success rates. The apical IVS under both long-and S-A views suffered from low success rates, which is consistent with previous observations from adults (Song et al. 2016) . This low success rate mainly resulted from the proximity of the apical IVS to the chest wall, which introduced a large amount of clutter noise to the myocardium that compromises the SW signal. Figure 5b shows a trend of decreased success rate with increased BMI after excluding the apical IVS measurements. Success rates were not found to be statistically different (p 5 0.01) between genders or among different ages. Table 2 summarizes the ANOVA results for day-today variance analyses of SW speed measurements. A significant ANOVA analysis result means statistically significant difference in SW speed measurements across 3 different d, which implies poor repeatability. Therefore, the entries marked by asterisks in Table 2 are the inconsistent results across different d. The apical IVS views were eliminated because of the low success rates. Sixtytwo (78%) of 80 entries in Table 2 had valid results (i.e., more than one visit that produced valid SW speed measurements), of which about 90% of SW speed measurements were consistent across different d (i.e., p $ 0.01). Table 3 lists the mean and standard deviation values of SW speed measurements for each patient under the basal and mid views of IVS. Overall, the SW speed values were in good agreement with previous literature values from animals Hollender et al. 2012 ) and adult humans (Song et al. 2013 (Song et al. , 2014b (Song et al. , 2016 , as shown in Table 3 . The SW speed values were similar under the same view axis, but differed between L-A and S-A. This is further illustrated by the boxplots in Figure 6 , where it is clear that the same IVS segment presents higher SW speed values under S-A views than L-A views. Student's t-tests between each pair of the echocardiographic views showed that each L-A SW speed value was statistically significantly different from each S-A SW speed value, while SW speed values from the same imaging axis were not different. These results are in good agreement with previous cardiac SW elastography studies showing that SW propagates faster along the myocardial fiber under S-A view, and slower across the myocardial fiber under L-A view Lee et al. 2012; Song et al. 2016) . Figure 7a shows the boxplots of myocardial SW speed measurements grouped by imaging axis and gender. Student's t-tests did not show significance between myocardial SW speed values measured from different genders for both imaging axes. Figure 7b plots the SW speed values grouped by imaging axis versus age. Myocardial SW speed does not differ with age for both imaging axes.
RESULTS
DISCUSSION
This study investigated the feasibility and reliability of pediatric cardiac SW elastography on a cohort of 20 healthy children, and established a range of normal myocardial SW speed values that can be potentially a b used for assessing chemotherapy-induced cardiotoxicity for pediatric cancer patients. To the best of our knowledge, this is the first pediatric cardiac SW elastography study that has been conducted and the first reported myocardial SW speed values for children. This study showed moderate to good success rates for pediatric cardiac SW elastography when imaging the basal and mid IVS segments using the parasternal L-A and S-A views. The results showed good inter-and intra-rater reliability for cardiac SW speed measurements and low day-today myocardial SW speed variance. The reported SW speed values and the impact of myocardial anisotropy on SW speed measurements are in good agreement with literature results obtained from animals and adult humans. Myocardial SW speed was not found to be different with ages and genders. One important observation of this study is that myocardial SW speed is significantly different between different imaging views. As shown in a myocardial fiber study using magnetic resonance tractography (Sosnovik et al. 2009 ), the myocardium is a highly anisotropic medium with the myocardial fibers wrapping around the L-A of the ventricles. As a result, an SW propagates in the same direction as the fiber orientation when the imaging field-of-view is aligned with the S-A of the heart, and propagates orthogonally to the fiber orientation when the field-of-view is aligned with the L-A of the heart. This results in different SW speed values because it has been found that SWs propagate faster along than across the fiber (Lee et al. 2012) . In practice, the imaging views need to be carefully considered when comparing SW speed measurements.
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Because of the requirement of the quasi-orthogonal relationship between the ultrasound push beam and the myocardial wall, some common echocardiographic views such as the apical L-A views are not feasible for cardiac SW elastography. Also, because of the limited penetration of cardiac SW elastography (,50 mm for pediatric transducers and ,90 mm for adult transducers), the posterior ventricular walls cannot be reliably studied. As a result, only six echocardiographic views were found to be feasible and only four views were found to be reliable with moderate to good success rates. As evidenced by Figure 5b , patients with low BMI are more likely to provide successful cardiac SW elastography measurements.
The myocardial SW speed values did not show statistical differences with genders and ages. Interestingly, the SW speed values measured in this study are slightly lower than those measured in adult humans (Song et al. 2016) . One possible reason for the lower SW speed in children is the thinner myocardial wall compared with adults. The wall thickness of the basal septum was 8.75 6 2.18 mm (range: 5.04-12.4 mm) for the 20 pediatric patients in this study, which is lower than the thickness of 11.3 6 1.26 mm (range: 9.04-13.1 mm) of the adult patients reported in Song et al. (2016) . A thinner wall thickness may lower the SW speed due to larger geometric SW dispersion (Nenadic et al. 2011) . In this study, the transducer selection was not only based on age or BMI (Fig. 2) . In fact, the width of the intercostal space was a more relevant factor for transducer selection. The adult transducer was preferred due to the large range of imaging depth. However, it was challenging to robustly generate and detect SW signals with the adult transducer for patients with narrow intercostal spaces; the narrow rib gap causes severe acoustic shadowing to the myocardium that blocks effective transmission of both the push and detection beams (Song et al. 2015) . Figure 8 shows several examples of comparisons between the adult (P4-2) and pediatric (P7-4) transducers. One can clearly see that the P7-4 produced better quality SW signals than the P4-2 in all the cases. Acoustic shadowing can be observed for all the patients with the P4-2 when comparing the B-mode images between the two transducers. Such shadowing may be acceptable for Bmode imaging, but significantly hampers the performance of SW imaging. In practice, it is difficult to measure the intercostal space and make the transducer selection. Therefore, in this study, both transducers were tested during the first visit of each patient, and the one that provided better quality SW signal was selected for the patient. The SW frequency content resulting from the two transducers used in this study can be different due to the different push beam configurations shown in Table 1 . To show the SW frequency content, two custom-made CIRS tissue-mimicking phantoms (CIRS Inc., Norfolk, VA, USA) were used with approximate SW speeds of 1.3 m/s and 1.8 m/s (Phantoms 1 and 2, respectively), similar to the L-A and S-A myocardial SW speeds reported in Figure 6 . Three overlapping imaging depths (25, 35 and 45 mm) between the two transducers were selected based on Table 1 . The frequency content of the SW was analyzed using the 2-D Fourier transform approach introduced in Nightingale et al. (2015) , and the results are shown in Figure 9 . The center frequencies of the all the SW signals were very similar between the two transducers in both phantoms at all depths. The P7-4 SW motion has higher bandwidth at 25 mm depth than the P4-2 (144 Hz vs. 120 Hz in Phantom 1, and 230 Hz vs. 180 Hz in Phantom 2, 23 dB bandwidth), but similar bandwidths at 35 mm and 45 mm. Table 4 below shows the SW speed measurements at the three imaging depths for both phantoms, which indicates good agreement between the two transducers. The SW speed reported in this study is group SW speed, which is predominately determined by the center frequency of the SW. Because the center frequency is similar between the two transducers (Fig. 9) , the reported SW speed should not be significantly biased by the selection of the transducers.
There are several limitations of this study. First, the success rate of pediatric cardiac SW elastography needs to be further improved to provide more reliable myocardial stiffness measurements and to be clinically useful. This involves further development of the cardiac SW elastography technique to enhance SW generation and SW detection. Second, only diastolic myocardial stiffness could be measured at present. Systolic cardiac SW elastography is very challenging transthoracically due to the significantly stiffer myocardial stiffness in systole ) and the rapid motion of the heart. Finally, at present, cardiac SW elastography can only provide a local quantitative stiffness measurement due to SW attenuation. Therefore, it may only be useful for global cardiac diseases or targeted imaging for known diseased sites. Nevertheless, it has been shown by strain imaging that chemotherapy-induced cardiac toxicity impairs the global mechanical function of the heart, which suggests that cardiac SW elastography may still be feasible for such an application.
CONCLUSIONS
With a long-term goal of evaluating chemotherapyinduced cardiac toxicity for pediatric cancer patients, this paper conducted a first-in-children cardiac SW elastography pilot study in a cohort of 20 healthy children. Six feasible echocardiographic views were identified for pediatric cardiac SW elastography, out of which four were found to be able to provide moderate to good success rates. Myocardial anisotropy needs to be carefully accounted for when comparing myocardial SW speed measured from different imaging axes. This study also established a preliminary range of normal SW speed values that can be potentially used for cancer patient studies. 
